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Creating highly articulated miniature structures requires assembling a large number of small parts. This is a very challenging task and increases cost of mechanical assemblies. Insert molding presents the possibility of creating a highly articulated structure in a single molding step. This can be accomplished by placing multiple metallic bearings in the mold and injecting plastic on top of them. In theory, this idea can generate a multi degree of freedom structures in just one processing step without requiring any post molding assembly operations. However, the polymer material has a tendency to shrink on top of the metal bearings and hence jam the joints. Hence, until now insert molding has not been used to create articulated structures. This paper presents a theoretical model for estimating the extent of joint jamming that occurs due to the shrinkage of the polymer on top of the metal bearings. The level of joint jamming is seen as the effective torque needed to overcome the friction in the revolute joints formed by insert molding. We then use this model to select the optimum design parameters which can be used to fabricate functional, highly articulating assemblies while meeting manufacturing constraints. Our analysis shows that the strength of weld-lines
formed during the in-mold assembly process play a significant role in determining the minimum joint dimensions necessary for fabricating functional revolute joints. We have used the models and methods described in this paper to successfully fabricate the structure for a minimally invasive medical robot prototype with potential applications in neurosurgery. To the best of our knowledge this is first demonstration of building an articulated structure with multiple degrees of freedom using insert molding.
INTRODUCTION
Current methods to manufacture highly articulating mechanical assemblies involve fabrication of individual parts using machining or rapid prototyping among other processes. Subsequently, these parts are assembled manually using mechanical fasteners. These methods, although highly inefficient, are popular processes for making macro scale mechanical assemblies. However, for fabricating miniature mechanical assemblies (joint dimensions < 1 mm) [1] , manual assembly operations become very tedious and, in some cases infeasible. This is because, owing to the individual part sizes, it is difficult for a skilled human operator to assemble the parts. Also fasteners are usually unavailable or are very expensive at the smaller scale. Also, a mechanical assembly consisting of a high overall part count would be more susceptible to failure. Traditional machining and prototyping methods are therefore not suitable for fabricating miniature mechanical assemblies. There is currently no scalable and cost effective manufacturing process that can be used to fabricate such miniature assemblies for large scale production. There is therefore an impending need to develop new strategies for fabricating multifunctional, miniature mechanical assemblies.
Insert molding presents an efficient method of functionally grading the fabricated structure according to the application. The process involves molding over a pre-existing mold insert in the mold cavity. Popular molding processes for insert molding involve injection molding and resin transfer molding (RTM). Insert molding has become a popular process for several applications such as composite fabrication [2] , packaging [3] , microfluidics [4] etc.
Researchers have studied insert molding of metals in polymers in several applications over the past few years [5, 6] . They have developed methods for using metals as reinforcing structures in injection molded polymer parts. Hence the focus of the research is on developing good bonding between the polymer and the metallic structures. This is usually accomplished by controlling the shrinkage of the polymer on top of the insert. However, these methods are not suitable for developing articulating structures for miniature mechanical assemblies. Hence, we need to develop methods to prevent bonding between the polymer and the metal inserts to allow for articulation after the insert molding process. This paper will address this challenge and demonstrate an innovative manufacturing approach based on the in-mold assembly process [7] [8] [9] to realize highly articulating mechanical assemblies. We will also present an analytical modeling based approach to select the optimum joint parameters which enable effective use of this process. Finally we will demonstrate the capability of this process by using it to fabricate a multiple degree of freedom robot structure with potential applications in minimally invasive surgery.
BACKGROUND: IN-MOLD ASSEMBLY

Fig. 1: MOLD DESIGN SOLUTIONS FOR REALIZ-ING MESOSCALE IN-MOLD ASSEMBLED REVOLUTE
JOINTS [8, 10] .
In-mold assembly provides an effective alternate method for manufacturing miniature mechanical assemblies. These methods have been developed in the past for both macroscale [7] and mesoscale [8, 9] . Using this method, a fully assembled articulating rigid body joint could be ejected from the mold. This eliminates the need for any post processing in the form of additional assembly steps, after the injection molding process was complete. This process significantly reduces the overall lead time for production and also substantially reduces production costs. The in-mold assembly process is ideal for large scale production of miniature mechanical assemblies Macroscale in-mold assembly methods involve injecting a second stage polymer over a premolded component which contains a hole. The second stage polymer fills the hole in the premolded component. On controlling adhesion and shrinkage of the second stage polymer, in-mold assembled macroscale joints with appropriate clearance can be manufactured.
However Ananthanarayanan et al. [10] have demonstrated that this molding sequence does not work for the mesoscale due to mold piece alignment issues. Hence, they have proposed a reversed molding sequence for realizing in-mold assembly at the mesoscale. This is illustrated in Figure 1 . Using this molding sequence ensures that the mesoscale premolded components do not deform plastically during the second stage injection.
At the macroscale, the joint clearance is realized due to shrinkage. After cooling, the pin, which is made of an injection molded polymer shrinks away from the hole [7] . By controlling the injection molding parameters, it is possible to obtain appropriate friction in the in-mold assembled revolute joint at the macroscale [11] . However, the reversed molding sequence at the mesoscale may lead to jammed joints due to shrinkage of the polymer. This concept is illustrated in Figure To explain the issue of the jammed joints, Ananthanarayanan et al. [9] have reported a change in final pin diameter due to the second stage injection molding process. This is illustrated in Figure 3 . The forces applied by the second stage polymer melt during the packing phase causes the pin to deform plastically and reduce in diameter. This deformation which is caused by the small size scales of the pin is instrumental in relaxing the radial stresses at the interface of the joint which are caused by the shrinkage of the cavity on the top of the pin. The plastic deformation of the pin, if controlled effectively, can be used as a method of controlling the final clearances in the revolute joint. Hence, although the strategy of molding the cavity over the pin is counterintuitive from the shrinkage point of view, it works at the mesoscale due to the plastic deformation of the pin. Current in-mold assembly methods require the use of cavity morphing methods. These molds require use of specialized injection molding machines (rotary platen injection molding machines) consisting of multiple nozzles to inject different materials sequentially into the mold cavity. Also, current inmold assembly methods require the use of multiple polymers which are chemically incompatible. Hence for applications which permit use of only one polymer, an alternative process is required.
To overcome the limitations of previously developed inmold assembly methods, we have utilized the advantages of insert molding for in-mold assembly. This process significantly simplifies the injection molding processes to fabricate in-mold assembled rigid body articulating joints. This paper explains this process in detail and demonstrates modeling methods to select appropriate geometric parameters for enabling in-mold assembly using insert molding at the mesoscale.
In the next section, we will describe the basic principle of the in-mold assembly process using insert molding. Subsequently, we will describe an analytical modeling approach to select the different design parameters for successful realization of an in-mold assembled revolute joint at the mesoscale using the insert molding method with appropriate joint friction. We will then demonstrate the capability of this process by using it to fabricate a multiple degree of freedom robot structure with potential applications in minimally invasive surgery. Finally the paper will conclude with a detailed discussion on the results.
INSERT MOLDING OF ARTICULATING JOINTS
The in-mold assembly process using insert molding involves the use of cylindrical metallic parts made of Brass as mold inserts. The mold design concept for manufacturing an in-mold assembled revolute joint is illustrated in Figure 4 . The metallic inserts illustrated in the figure serve as shut off surfaces between the mold cavities which form the different parts of the revolute joint. This shut off surface ensures that the molten plastic that is injected into the mold cavities do not fuse the two cavities together during the filling phase. Subsequently after cooling, the in-mold assembled revolute joint is ejected from the mold cavity. This joint consists of the injection molded plastic parts as the joint members and the cylindrical metallic insert as the actuating element. Figure 5 shows the critical dimensions in a revolute joint that is in-mold assembled using insert molding. As shown in the figure there are 5 critical dimensions that need to be carefully chosen. These are:
1. s: The separation between the two cavities. This dimension is critical because it provides appropriate shut off between the two cavities so that the polymer does not fuse the two cavities together during the injection phase. When s is very low, molding flash during filling can result in fusing of the two cavities. Hence the separation s should be higher than the flash length. Chen et al. [12] have proposed an empirical formulation to determine the flash length when the polymer and the injection molding parameters are given. We have used the method they have described to obtain the design parameter s.
r:
The radius or the size of the joint. This is usually governed by the overall dimensions of the part. However, to prevent joint jamming, it is important to keep the joint size as low as possible. This is discussed in more detail in the next section. 3. c: The diameter of the end cap. The cap prevents lateral movement of the joint. It also geometrically constrains the mold inserts to be a part of the joint. For manufacturing the metal inserts, end caps with an outer diameter c and inner diameter d have to be fused with a rod of diameter d. Hence from the design perspective, the cap size should be sufficient to withstand the axial disturbance forces that may be generated during the actuation of the joint. Using experiments, we have determined that the axial disturbance forces are as low as 1% of the interfacial frictional force. Hence the cap diameter c can be kept as low as permissible from the manufacturing point of view. From the manufacturing cost and handling perspective we determined the cap diameter based on the lowest size available in the market for the joint size d. 4. c t : The thickness of the cap which is fused to the rod of diameter d. While the cap thickness needs to be kept as low as possible to restrict the overall size of the device, it should be long enough to provide sufficient surface area to be able to fuse the cap to the rod. Hence this length is determined purely from the manufacturability point of view. For a rod of 0.4 mm radius, we experimentally determined the cap thickness c t to be 1 mm. 5. t: Joint thickness. The joint thickness is determined based on the overall size of the joint. However to keep the frictional torque for joint actuation low, it is of interest to keep the joint thickness as low as possible. This is discussed in more detail in the next section.
In the following sections, we will provide an approach to select the optimum joint dimensions which will facilitate successful fabrication of an in-mold assembled articulating joint using insert molding.
Joint Friction
For proper functioning of an in-mold assembled revolute joint, the frictional torque required for joint actuation has to be kept within acceptable limits. In-mold assembly methods developed previously utilized the shrinkage at the macroscale [7] and the plastic deformation of the polymeric materials at the miniature size scale [9] for ensuring low frictional torque in the joints. However, in the in-mold assembly process using insert molding as illustrated in Figure 4 , a cavity around a metallic cylindrical insert is filled with a high pressure molten polymer during the injection molding process. After the cavity is filled, the polymer melt solidifies and shrinks around the metal insert. This shrinkage induces radial stresses at the interface between the polymer and the metallic insert. This concept is il- Figure 6 . Unlike in the case of a polymer-polymer revolute joint as shown in Figure 3 , neither the packing pressure during the injection molding process nor the shrinkage stresses on the metallic cylinder after cooling of the polymer are sufficient to plastically deform the metallic cylinder to relax the stresses at the interface. This stress is responsible for the frictional torque at the interface. This frictional torque ( f τ ) as illustrated in Figure 6 therefore, needs to be overcome for the functioning of the revolute joint. To ensure proper functioning of the in-mold assembled revolute joint fabricated using the insert molding process, we have to ensure that the frictional torque required for moving the joint is within acceptable limits. The frictional torque at the interface can be described by equation 1 given below.
Here µ refers to the coefficient of friction at the interface between the polymer and the metal insert, l is the length of the revolute joint, r is the radius of the cylindrical insert and σ rr is the radial stress at the joint interface. In the equation 1, the coefficient of friction µ is a material property. In most cases the choice of materials is restricted by the application for which the device is to be used. E.g. if the application is in medical robotics, it is necessary to use biocompatible materials for the polymer and the metal insert. Hence for the sake of the discussion in this paper, we will consider the material combination as given. Therefore we will not have any control or influence over the coefficient of friction (µ). The designer provides constraints on the overall size of the joint based on the application of the joint. The manufacturer can therefore select appropriate dimensional parameters to ensure the proper functioning of the joint. The dimensional variables of the joint such as the radius (r) of the cylinder, the joint thickness (t) and the length (l) are concurrently responsible for the radial shrinkage stress (σ rr ) at the interface. Also, the radius (r) of the joint and the length (l) of the joint are directly responsible for the frictional torque at the joint interface. Hence controlling the dimensional parameters of the joint can play a big role in ensuring fabrication of usable in-mold assembled revolute joints. However some applications may pose constraints on the dimensional parameters. These dimensional constraints may cause the frictional torque to become so high that it will become necessary to explore alternate methods to control the radial shrinkage stress (σ rr ). The goal of this paper is therefore to develop a strategy to select design parameters depending on the size scale for manufacturing in-mold assembled articulating joints using the insert molding process.
SELECTION OF DESIGN PARAMETERS
As explained in the previous section, to manufacture a functional joint using the insert molding process, the interfacial frictional torque needs to be controlled. This frictional torque develops due to the radial stress at the interface caused by the shrinkage of the injection molded part over the cylindrical metal insert. Hence by controlling the radial shrinkage stress at the interface, we can manufacture in-mold assembled joints with acceptable friction.
In order to control the shrinkage stress at the joint interface, it is important to understand and model the parameters resulting in shrinkage in injection molded parts. Shrinkage in injection molded parts has been studied by several researchers over the past several years [11, 13, 14] . The injection pressure holding phase in the injection molding cycle ensures that initial shrinkage in the polymer melt is compensated by additional polymer flow in the cavity. Hence shrinkage studies conclude that shrinkage of the polymer melt in the cavity begins after the gate freezes. Studies have concluded [11] that the main parameters responsible for the shrinkage are the crystallinity and thermal contraction. For amorphous polymers, the effect of crystallinity is very low compared to the thermal contraction. Hence for amorphous polymers, the shrinkage needs to be considered only after the temperature of the polymer is below the glass transition temperature. We verified this postulate by performing a simple calculation for an amorphous polymer (ABS). We compared the shrinkage due to thermal contraction with the shrinkage reported by the manufacturer. E.g. For amorphous ABS (Hival HG6 ABS distrubuted by Ashland Chemicals), the coefficient of thermal expansion (α h ) is 90E-6 m/(m-• C). The glass transition temperature is reported as approximately 97 • C. The shrinkage value reported by the manufacturer is 0.005-0.007 m/m. Assuming the room temperature is 28 • C, the estimated shrinkage due to pure thermal contraction is 0.00621 m/m. Hence for the sake of computing the friction in the in-mold assembled revolute joint made of amorphous polymers it is sufficient to assume that the shrinkage results only from the thermal contraction below the glass transition temperature of the polymer.
This geometry of the insert molded revolute joint consists of a half cylinder beneath the pin as illustrated in Figure 6 . Hence to obtain an approximate analytical formulation for the interfacial radial stress, we modeled the joint as a thick cylinder with inner radius r and outer radius R as illustrated in Figure 6 . The pressure at the joint interface is generated due to thermal stresses caused by the shrinkage of the polymer around the metallic cylindrical insert. As explained previously, this thermal stress is caused purely by linear thermal expansion in amorphous polymers. This results in an effective interference of rα h ∆T h at the joint interface, where ∆T h is the temperature difference between the glass transition temperature of the polymer (T g ) and the room temperature. This interference causes a radial stress at the interface which can be computed using classical analytical formulation [15] for an interference fit. This is given by equation 2 where E h is the Youngs Modulus of the polymer and ν h is the Poisson's ratio.
The expression given by equation 2 clearly shows that the internal stress is independent of the size of the joint. However the radial stress has a strong correlation with the thickness ratio k as defined in equation 2. A lower value of k results in lower interfacial stress in the joint. A lower value of k also results in reduction in overall weight. The lower weight of the mechanical assembly allows for using lighter electronics for actuation. This results in higher power to weight ratio and thereby higher dexterity of device. Hence the designed value of the thickness ratio k should be as low as possible. The minimum value of the thickness is usually selected based on the structural integrity of the part. The structural integrity of the part is directly dependent on the material properties of the part. The manufacturing process used for fabrication of the part has a significant contribution towards the final material properties of the part. The revolute joint in this case is fabricated using injection molding. Hence, two primary factors need to be considered while selecting the thickness of the joint. The first factor is the minimum thickness that can be successfully molded using the specific injection molding machine that is being used. This can be determined by the designer based on simple mold filling simulations or by practical experience. The second factor that needs to be considered is the circumferential yield stress. This yield stress is significantly impacted by the formation of weld-lines in injection molded parts. This is because weld-lines are responsible for structural weakness in injection molded parts. Researchers have shown the presence of weld-lines in injection molded parts results in weakening of the structure by upto 50% of the original strength [16, 17] . In the insert molded revolute joint, a weld line is formed due to polymer flow around the metallic cylindrical insert. This is illustrated in Figure 7 .
Apart from causing interfacial radial stress, the thermal shrinkage of the polymer around the metallic cylindrical insert causes circumferential stress in the part. This stress also, known as hoop stress, is responsible for joint failure in the thickness dimension. This hoop stress particularly causes joint failure at the weld-line of the insert molded revolute joint as illustrated in Figure 7 . Hence these weld-lines need to be accounted for to choose the appropriate thickness ratio k of the insert molded revolute joint.
where p i = σ rr (3)
The hoop stress for the joints under consideration can also be computed using classical interference fit equations [15] . These are given by equation 4. r p in the equation is defined as the radius at a point of interest at which the hoop stress is calculated. From the equation, it is evident that the maximum hoop stress will be observed at r p = r. To prevent joint failure, this stress needs to be less than the yield stress of the material. However the yield stress of the material at the weld-line is significantly lower than the base material. Hence for failure computation, this yield stress needs to be considered. As a rule of thumb, applying factor of safety considerations, the effective yield strength at the weld-line would be σ y /F W L where σ y is the material yield strength of the polymer and F W L is the factor of safety due to the presence of the weld line. Hence using equation 2 we get the critical value of the thickness ratio k can be calculated as shown in equation 5.
INTRODUCTION OF BEARINGS FOR REDUCING FRICTIONAL TORQUE
The previous section described a strategy to select the dimensional parameters necessary for realizing the insert molded in-mold assembled revolute joint as illustrated in Figure 5 . However, as described by equation 2, the radial stress at the joint interface is independent of the joint size. Hence the interfacial frictional torque for joint actuation will increase with the second power of the joint size as is evident by equation 1. Hence for developing a general strategy for insert molding in-mold assembled revolute joints at all size scales, there is a need to develop a strategy for reduction of the friction at the interface.
From equation 1 we can conclude that the factors responsible for the friction at the interface are the radial stress (σ rr ), the coefficient of friction (µ) and the joint size (r). Since we need to develop a scale independent in-mold assembly strategy, our approach needs to be independent of the joint size (r).
The interfacial coefficient of friction can be controlled by lubrication of the joint or by decreasing the surface roughness of the metallic cylindrical insert. Another strategy for controlling the interfacial frictional torque is through control of the radial stress (σ rr ) at the joint interface. The interfacial frictional torque is dependent on the thickness ratio k defined in equation 2. However as the size of the joint increases, it may not be possible to continue reducing the thickness ratio. This is because the critical thickness ratio is independent of the size of the joint.
Another strategy that can be employed to decrease the radial stress is changing the polymer that is used for fabrication of the insert molded revolute joint. However several engineering scenarios require the use of a specific polymer. For example, in several medical applications, it is mandatory to use bio-compatible polymers as the material for the surgical robot. This is to ensure that when the robot is in contact with the cells and tissues, it does not cause a toxic reaction which can be detrimental to the patient health. Also, in several cases, use of a softer material for fabricating the robot may not be feasible from the structural point of view.
Hence to control the radial stress at the joint interface while satisfying the constraints posed by the material choice, we introduced a sleeve made at the joint interface using multi material molding [18] . The sleeve is made of a softer polymer which results in relaxation of the radial stress at the joint interface. The sleeve therefore acts as a bearing which reduces the net torque required to overcome friction for the joint actuation. This concept is illustrated in Figure 8 . The insert molded revolute joint as illustrated in the figure is manufactured using a two stage process. In the first stage a soft polymer is injected on top of the metallic cylindrical insert. In the second stage, the base material is injected on top of the sleeve encompassing it completely. The second stage molding ensures that the base material completely encompasses the sleeve that was manufactured in the first stage. 
Although introduction of the sleeve results in relaxation of the radial stress at the joint interface, it results in increase in the overall size of the assembly. Hence the sleeve thickness r ′ − r needs to be minimized. However in order to select the sleeve thickness, it is necessary to understand its correlation with the net reduction in the radial stress at the joint interface. The effective stress at the joint interface can be computed using classical interference/shrink fit models [15] . The effective stress would be dependent on the effective thickness ratios of P a (k s ) and P b (k h ). k s and k h are defined in equation 6 where R, r ′ and r are as illustrated in Figure 8 . However, to develop an analytical model for relating the radial stress at the interface with the thickness ratio, let us first develop an understanding of the overall manufacturing process.
In the first step, the sleeve made of a soft polymer (P a ) is molded over the metallic cylindrical insert (M b ). The designed inner radius of P a is r and the outer radius is r'. After mold filling, P a cools and shrinks over M b . This shrinkage results in development of an equivalent interference between the M b and P a . We define this interference as u sA given in equation 7.
Assuming a thick cylinder formulation for the sleeve, the outer radius of unstressed P a after shrinkage will be r ′ (1 − α s ∆T s ). However since the metallic core is not removed before the injection of the the base polymer (P b ). Therefore an initial interference stress (σ ′ rr ) develops at the core which is given by equation 8. Hence the outer radius (r ′ P a )of P b on which the base polymer is molded is given by equation 9
Next, the base material (P b ) is molded over P a . This base material has a designed outer radius of R. After cooling and shrinkage of the base material over the sleeve, a net interference of r ′ P a α h ∆T h would develop between the two polymers.
This interference would result in an interface stress σ int . This interface stress would therefore result in a new stress at the joint interface between the sleeve and the metal insert called σ rr . Finally, using principle of superposition on classical interference fit equations, these interfacial stresses can be posed in the form of two linear equations. Subsequently the system of two equations can be solved to obtain the final interfacial stresses σ int and σ rr . The system of linear equations can be seen in the form of matrices in equation 10
where,
Using the formulation above, the interfacial stress can be related to the respective thickness ratios k s and k h given by equation 6 . From the functionality perspective, three distinct aspects need to be considered for selecting the thickness ratios. These are as follows:
1. The overall thickness ratio (k) needs to be as low as possible to ensure minimum weight. 2. A high thickness ratio (k s ) would enable a higher reduction in the interfacial stress. This would thereby ensure lower frictional torque for joint actuation. However the exposed surface area of P a needs to be kept as low as possible to ensure that material considerations for the assembly are not violated. 3. The base material P b forms the outer shell of the insert molded in-mold assembled articulating joint. Hence the thickness ratio of P b (k h ) needs to be selected based on the hoop stress considerations at the weld-line. Thus k h should be greater than the minimum allowable thickness ratio as calculated using equation 5.
Based on these considerations, the optimum thickness ratios which allow for joint actuation can be selected based on the permissible radial stresses at the joint interface. In the next section, we will discuss how we selected the appropriate joint parameters for an in-mold assembled revolute joint both at the miniature size scale and the macroscale.
RESULTS AND DISCUSSION
In order to validate the formulation described in the previous sections, we performed detailed experimentation using Hival ABS HG6, distributed by Ashland Chemicals, as the base polymer (P b ) and LDPE 722, distributed by Dow chemicals, as the sleeve (P a ). The properties of ABS and LDPE are tabulated in Table 1 . The metallic insert (M a ) was made of brass for miniature insert molded joints and Aluminum for macroscale insert molded joints.
To understand the effect of size on the interfacial frictional torque, we plotted the relationship between the thickness ratio k against the estimated frictional torque for two different sizes. In this case, we assumed that there was no sleeve present between the base polymer and the metallic cylindrical insert. Therefore the joint was fabricated using a single shot molding process with M a as the insert and P b as the base polymer. The coefficient of friction (µ) between P b and M a was assumed to be 0.4. The room temperature to which the polymers cool was assumed to be 28 o C. We then calculated the interfacial frictional torque using equations 1 and 2. These results are shown in Figure 9 . From the plot it is evident that the size plays a prominent role in the frictional torque. To develop a mold design to fabricate a revolute joint as illustrated in Figure 4 , we had to first select the dimensional parameters for the joint. These dimensional parameters are described in Figure 5 . For selecting the thickness t of the joint, we followed the strategy outlined in section 3 to calculate the minimum thickness ratio k. The average weld line strength for ABS was obtained from Ananthanarayanan et al. [19] to be 75% of the base material. Applying an overall factor of safety of 2, the effective factor of safety FS W L was calculated as 2.667. The yield strength σ y for ABS is defined as 40 MPa (Table 1) . Hence the maximum allowable hoop stress as defined in equation 5 was 15 MPa. Hence to calculate the thickness ratio k, we plotted it against the hoop stress as described in equation 5. This is shown in Figure 10 . The plot shows that the hoop stress in the part decreases with the increasing thickness ratio. From this plot, we obtained the minimum allowable value for the thickness ratio k to be 0.35. We then selected the other dimensional parameters shown in Figure 5 using the strategy described in section 2.1. These dimensions, for two different sizes, are shown in Table 2 . The thickness t had to be selected so that the thickness ratio k was greater than the minimum allowable value of 0.35. For the macroscale joint (r = 3.175 mm), we designed the thickness to be 1.11 mm. This led to an effective thickness ratio k = 0.35. However for the joint size of r = 0.4 mm, due to the manufacturing constraints posed by the minimum moldable thickness, the thickness had to be selected as 0.4 mm. This led to an effective thickness ratio k = 1. Using the parameters shown in Table 2 , we manufactured in-mold assembled revolute joints at both macroscale and miniature scale on a Milacron Babyplast injection molding machine. A functional in-mold assembled revolute joints at the miniature size (joint radius = 0.4 mm) is illustrated in Figure 11 . The force required to overcome the interfacial frictional torque of this joint was low enough to allow for smooth actuation of the miniature revolute joint. Hence we concluded that for the miniature scale, a single shot molding strategy would suffice. i.e. We did not need to introduce a sleeve at the interface to relax the radial stress at the joint interface.
However at the macroscale, the strategy resulted in realization of jammed revolute joints. This resulted in high forces required to overcome interfacial frictional torque required for joint actuation. Hence to successfully fabricate functional revolute joints at this size scale, it was necessary for us to introduce a sleeve to reduce the radial stress at the joint interface. In order to select the appropriate dimensions for the in-mold assembled revolute joint, we had to understand the effect of To model this effect we adopted the approach described in the previous section. To validate the theoretical approach that was described in the previous section, we also performed finite element analysis using ANSYS 11.0 to predict the radial stress at the joint interface. This analysis was setup as a simple shrinkage simulation of a composite ring as illustrated in Figure 8 . Subsequently, we conducted the simulation independently for seven different combinations of k s and k h . The results of this evaluation are plotted in Figure 12 . The plot shows the stress relaxation caused by the sleeve, made of LDPE, for a revolute joint of three different overall thickness ratios (k). The results of the finite element analysis are overlayed on the analytical model. The results show excellent agreement between the analytical model and the finite element simulations.
The thickness ratio (k s ) can be increased only until the resulting thickness ratio (k h ) of the base polymer (ABS) does not fall below the permissible limit. This permissible limit is defined based on the allowable hoop stress at the weld line as defined by equation 5. This point, for the three different values of overall thickness ratio (k), is illustrated in the plot shown in Figure 12 . Figure 13 shows a successfully actuating in-mold assembled macroscale revolute joint using the insert molding strategy descrbied in this paper. For successful manufacturing of the macroscale revolute joint (diameter = 3.175 mm), the permissible interfacial frictional torque was approximately 0.075 N-m/mm. This resulted in an allowable radial stress of 3 MPa at the joint interface. After adopting manufacturability constraints for injection molding such as mold machining, mold filling and ejection, the designed thickness ratios and the resulting dimensions of the revolute joint are shown in Table 3 .
CASE STUDY: MINIMALLY INVASIVE SURGICAL ROBOT
Surgical robots have been defined as a powered computer controlled manipulator with artificial sensing that can be reprogrammed to move and position tools to carry out a range of surgical tasks [20] . Due to the high dexterity and maneuverability desired for surgical robots, the need for higher degrees of freedom is becoming increasingly important. However due to the requirement of several delicate medical procedures to have minimally invasive robots to perform surgery, there is also a significant need to miniaturize surgical robots [21, 22] .
One of the most significant challenges associated with development of miniature multiple degree of freedom robots lies in its fabrication. Traditional fabrication methods such as machining and assembly are not suitable at the small scale paradigm at which minimally invasive surgical robots lie. To address this problem, researchers at Carnegie Mellon University and Stanford have developed the shape deposition manufacturing (SDM) process [23] for making fully embedded smart robotic structures. These processes make intelligent use of both standard joints and flexures to realize multiple degree of freedom structures. Hence they are very powerful prototyping methods for fabricating highly articulating robotic structures. However SDM requires several fabrication and post fabrication steps to complete the manufacturing. This increases the overall cycle time for fabricating each robot and thereby the cost of the robot. To offset sterilization costs of medical robots used in minimally invasive surgery, it is desirable to have disposable medical robots [24] . However to accomplish this, it is essential that the manufacturing process used for fabrication of the robots be cost effective. Bejgerowski et al. [25] have previously developed a method for using injection molded flexures for high strength to weight ratio structures. As part of their work, they presented a powerful paradigm for low cost manufacturing of mechanisms. However the available choice of materials for injection molded flexures is limited. Rigid body joints on the other hand have a much wider pool of material options. Hence when a constraint on the material is posed by its biocompatibility (in surgical devices), it is essential to develop a more material independent fabrication method.
The in-mold assembly method using insert molding, illustrated in this paper, provides a powerful alternative to fabricating highly articulating miniature structues. Using an innovative mold design, the insert molding method described in this paper, can be used to fabricate multiple degree of freedom robotic structures in a single molding shot. To illustrate this, we manufactured a prototype of a 9 degree of freedom articulating structure for a robot with potential application in neurosurgery. The design of this articulating structure consists of 10 independent parts which are connected by metallic mold inserts of 1.58 mm diameter. The articulating structure was manufactured in a single injection shot using the insert molding method described in this paper. Owing to the small joint sizes, the radial stress at the joint interface were sufficiently low. Hence no sleeve was required for successful articulation of the joints. Figure 14 shows the manufacturing steps for fabricating the 9 DOF articulating structure in a single injection shot.
The robot fabricated using the insert molding approach can be actuated using shape memory alloy based actuation. Bejgerowski et al. [26] have discussed a method to optimally embed actuators in injection molded parts. Additionally, Pappafotis et al. [27] demonstrated the use of shape memory alloys for actuating an MRI compatible miniature robot. Their robot prototype is fabricated using machining and assembly. As part of this work, we have also demonstrated the use of shape memory alloys for actuating the 9 degree of freedom robot that we have manufactured using insert molding methods. Figure 14 also illustrates the 9 degree of freedom robot wired with shape memory alloys. The shape memory alloy based actuation strategy provides a low weight solution for independent control of each degree of freedom of the robot.
One of the most noteworthy benefits to using an injection molding based approach to manufacturing robots is its advantage in mass production. To illustrate this, we compared the cost of fabricating the 9 degree of freedom robot structure using the following three strategies 1) Machining and assembly [27] , 2) In-mold assembly [10] , and 3) In-mold assembly using insert molding (this work). For the purpose of this comparison, we consider the production time as a direct indication of the production cost. Considering that labor cost is one of the most prominent factors contributing to the overall production cost, the authors feel, this is a reasonable assumption. Table 4 shows an estimate of the time required to complete different aspects of the production using the different approaches. Figure 15 illustrates the comparison of the cost of fabricating upto 30 prototypes of a 9 degree of freedom robot structure using the different manufacturing approaches outlined above. The graph clearly demonstrates the advantage of using an inmold assembly approach to fabricating robots over machining and assembly. This advantage is increasingly prominent with increasing number of robots that need to be fabricated. The graph also illustrates that using the in-mold assembly approach with insert molding is significantly more advantageous than using the conventional in-mold assembly approach to manufacturing. This is because use of the insert molding approach eliminates the post fabrication assembly step completely. This is because, use of this approach allows manufacturers to fabricate the complete 9 DOF robot in a single injection shot.
Shape Memory Alloy Actuation
CONCLUSIONS
This paper presents the first successful demonstration of the insert molding method for manufacturing in-mold assem- bled mechanical assemblies. We have presented two distinct strategies which can be used at the miniature size scale and the macroscale respectively to fabricate mechanical assemblies. Cylindrical mold inserts made of Aluminum/Brass are used as the articulating members of the in-mold assembled joints. Results reported in this paper show that the shrinkage of the polymer around the cylindrical mold inserts leads to the development of radial stresses at the joint interface. These radial stresses are responsible for the joint friction which leads to jamming. We have presented a theoretical framework to predict the radial stresses that appear at the joint interface due to the in-mold assembly process. At the miniature size scale, the frictional torque resulting from the radial stresses are sufficiently low. Therefore it does not interfere with the functionality of the joint.
The modeling results presented in this paper reveal that the strength of the weld-line formed at the joint interface significantly impact the overall strength of the robotic assembly. However this can be overcome by choosing the right dimensional parameters while accounting for the structural shortcoming resulting from the appearance of the weld-line. We have presented an analytical model to compute the minimum allowable joint thickness in in-mold assembled revolute joints. Increase in the size of the joint results in appearance of higher frictional torque at the joint interface. We have developed a method to control the radial stresses at the joint interface by using a soft polymer at the joint interface. We have also presented a rigorous theoretical framework to predict the radial stresses at the joint interface due to the presence of the soft polymer at the interface. These results can be used to select the optimum dimensional parameters for fabricating functional inmold assembled robotic structures at any size scale.
We have used the methods presented in this paper to successfully prototype a 9 degree of freedom articulating structure for a medical robot with applications in neurosurgery. This articulating structure is envisioned to be actuated and controlled using shape memory alloys.
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